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Bossone,  Carol  A.,  and  John  P.  Hannon.  Metabolic- 
actions  of  morphine  in  conscious  chronically  instrumented  pigs. 
Am.  J.  Physiol.  260  (Regulatory  Integrative  Comp.  Physiol. 
29):  R1051-R1057, 1991. — Effects  of  a  modest  dose  of  morphine 
sulfate  (1  mg/kg)  on  total  body  energy  metabolism,  body  ther¬ 
mal  status,  and  the  plasma  concentrations  of  certain  electro¬ 
lytes  and  metabolites  were  investigated  in  conscious  chronically 
instrumented  pigs  (n  =  8).  Control  pigs  (n  =  8)  received  an 
equivalent  volume  of  normal  saline.  Intravenous  morphine 
injection  led  to  an  excitatory  state  associated  with  significant 
(P  S  0.05)  immediate  increases  in  Oj  consumption,  CCL  pro¬ 
duction,  respiratory  exchange  ratio,  and  plasma  concentrations 
of  lactate,  glucose,  potassium,  phosphate,  epinephrine,  and 
norepinephrine.  Significant  more  gradual  increases  were  ob¬ 
served  in  rectal  and  skin  temperatures,  body  heat  content,  and 
the  plasma  concentrations  of  adrenocorticotropic  hormone, 
cortisol,  and  phosphate.  The  hypermetabolic  state  persisted  for 
~I  h.  Thereafter,  most  functional  variables  regressed  toward, 
but  did  not  reach,  control  levels.  Increased  muscle  activity 
appeared  to  be  the  major  factor  underlying  the  rise  in  energy 
metabolism.  Body  heat  storage  after  morphine  injection  ap¬ 
peared  to  be  attributable  to  increased  heat  production  coupled 
with  an  inadequate  rise  in  heat  loss. 

morphine  hyperthermia;  conscious  swine;  metabolic  rate;  body 
heat  content;  heat  balance;  pituitary-adrenal  axis 


ALTHOUGH  THE  NARCOTIC  and  analgesic  actions  of  mor¬ 
phine  in  humans  and  dogs  were  clearly  recognized  during 
the  first  half  of  the  nineteenth  century,  some  early  in¬ 
vestigators  were  reporting  divergent  actions  in  other 
species.  In  1824,  for  instance,  Dupuy  et  al.  (11)  showed 
that  a  large  dose  of  morphine  produced  deep  sleep  and 
bradycardia  in  the  dog  but  that,  in  the  cat,  a  similar  or 
even  larger  dose  produced  agitation  and  tachycardia. 
There  was  no  general  agreement,  however,  concerning 
the  type  of  response  to  be  expected  in  each  species. 
Bernard  (2)  claimed  that  morphine  had  only  soporific 
effects  in  a  wide  variety  of  the  species,  including  cats, 
dogs,  rabbits,  guinea  pigs,  rats,  pigeons,  sparrows,  and 
frogs.  In  the  horse,  some  workers  reported  sedative  and 
analgesic  effects  (27);  others  reported  excitatory  effects 
(13,  17).  By  the  turn  of  the  century,  most  such  incon¬ 
sistencies  were  resolved,  largely  because  of  an  extensive 
series  of  studies  conducted  in  the  1890s  by  Guinard  (IS¬ 
IS).  In  a  1898  monograph  summarizing  his  observations 
and  measurements,  Guinard  (18)  clearly  distinguished 
between  those  species  that  were  sedated  or  narcotized 
jed  were  excited  by  morphine  He  even  ranked 
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species  in  terms  of  their  sensitivity;  sensitivity  to  seda¬ 
tive  action  was  greatest  in  the  dog,  followed  by  the  rabbit, 
guinea  pig,  rat,  and  mouse,  whereas  sensitivity  to  excit-j 
atory  action  was  greatest  in  the  horse,  followed  by  the 
donkey,  ox,  cat,  sheep,  pig,  and  goat  (18). 

In  addition  to  these  subjective  observations,  early  in¬ 
vestigators  also  reported  a  variety  of  functional  changes, 
including  alterations  in  metabolic  rate  and  body  thermal 
status.  Indeed,  Dupuy  et  al.  (11)  noted  an  increase  in  the 
body  temperature  of  one  of  their  excited  cats  but  did  not 
indicate  the  magnitude  of  change.  Subsequent  reports 
were  often  contradictory;  increases,  decreases,  or  no 
changes  in  body  temperature  were  recorded  after  mor¬ 
phine  administration.  Sometimes,  opposite  results  were 
obtained  within  the  same  species.  It  would  appear  that 
most,  if  not  all,  of  these  inconsistencies  were  attributable 
to  differences  in  dosage  or  experimental  conditions,  par¬ 
ticularly  environmental  temperature.  As  might  be  antic¬ 
ipated,  most  recent  reports  show  that  core  temperature 
decreases  during  morphine  narcosis  but  increases  during 
morphine  excitation  (8,  23). 

Functional  changes  responsible  for  the  hypo-  or  hy¬ 
perthermic  effects  of  morphine  have  yet  to  be  fully 
resolved  but  clearly  involve  an  imbalance  between  heat 
production  and  heat  loss.  In  the  experimental  work  re¬ 
ported  here,  wc  investigated  functional  changes  associ 
ated  with  morphine-induced  hyperthermia  in  swine,  a 
species  that  shows  a  distinct  excitatory  or  manic  re¬ 
sponse.  In  the  past,  this  species  has  received  little  atten¬ 
tion  as  an  animal  model  for  studies  of  morphine  action, 
but  it  offers  certain  distinct  advantages.  Because  of  their 
size,  multiple  functions  can  be  investigated  simultane¬ 
ously  in  pigs,  a  sometimes  difficult  task  in  smaller  spe¬ 
cies.  In  conducting  this  study,  we  were  particularly  con¬ 
cerned  with  the  following  questions.  Does  morphine- 
induced  excitation  lead  to  an  increase  in  energy  metab¬ 
olism?  If  so,  what  factor(s)  are  responsible  for  the  in¬ 
crease?  Does  morphine-induced  excitation  lead  to  hvper- 
thermia  and  a  rise  in  body  heat  content?  D  changes  in 
body  heat  loss  contribute  to  alterations  in  body  thermal 
status?  Finally,  does  morphine-induced  excitation  lead 
to  hormonal  changes  that  could  contribute  to  alterations 
in  body  energy  metabolism? 

METHODS 

Sixteen  immature  (26.1  ±  2.34  kg)  duroc-cross  pigs 
were  obtained  from  a  commercial  breeder  (Boswell,  Cor- 
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coran,  CA)  and  were  maintained  in  a  common  indoor 
holding  pen  until  studied  2-4  wk  after  arrival.  They  were 
fed  a  commercial  ration  (Purina  Pig  Chow;  Ralston 
Purina,  St.  Louis,  MO)  and  received  water  ad  libitum. 
Seven  to  ten  days  before  study,  after  an  overnight  fast, 
each  pig  received  a  preanesthetic  injection  of  0.8  mg/kg 
atropine  sulfate,  2.2  mg/kg  ketamine  HC1,  and  2.2  g/kg 
xylazine.  Halothane  anesthesia  was  induced  by  face  mask 
and  was  maintained  with  an  endotracheal  catheter.  The 
left  carotid  artery  and  jugular  vein  were  exposed,  and 
polyvinylidine  catheters  were  inserted  into  the  aortic 
arch  and  pulmonary  artery;  positioning  was  verified  by 
recording  desired  pressure  characteristics.  The  free  ends 
of  these  catheters  were  tunneled  beneath  the  skin  and 
were  exited  on  the  dorsal  surface  of  the  neck,  where  they 
were  fitted  with  Intramedic  Luer  stub  adapters  (Clay- 
Adams,  Parsippany,  NJ)  and  Argyle  intermittent  infu¬ 
sion  plugs  (Brunswick,  St.  Louis,  MO).  After  wound 
closure,  the  catheters  were  filled  through  the  infusion 
plugs  with  heparin  (1,000  U/ml). 

Commencing  3  to  5  days  before  surgical  preparation, 
the  pigs  were  trained  for  30  min  daily  to  accept  a  respi¬ 
ratory  mask  (Central  City  Medical,  San  Carlos,  CA)  and 
physical  restraint  in  a  Pavlov  sling.  This  training  sched¬ 
ule  was  interrupted  on  the  day  of  surgery  but  was  rein¬ 
stituted  2  days  thereafter.  In  addition,  the  catheters  were 
flushed  daily  with  fresh  heparinized  saline  (100  U/ml). 

On  the  day  of  study,  each  pig  was  brought  into  the 
laboratory  after  an  overnight  fast,  placed  in  the  sling, 
and  the  respiratory  mask  was  secured  over  the  snout. 
The  respiratory  mask  was  fitted  with  a  Rudolph  valve 
and  was  connected  by  plastic  tubing  (25  mm  inner  di¬ 
ameter)  to  a  metabolic  apparatus  (Horizons  Systems, 
Anaheim,  CA)  for  measurements  of  energy  metabolism. 
This  apparatus  was  calibrated  daily  before  use  and  pe¬ 
riodically  over  the  course  of  each  experimental  period  as 
specified  by  the  manufacturer.  The  infusion  plugs  were 
removed  from  the  stub  adapters,  and  the  catheters  were 
connected  to  30-cm  pressure-monitoring  injection  lines 
with  3-way  stopcocks.  Stagnant  blood  and  heparinized 
saline  contained  within  the  catheters  were  removed,  and 
the  catheters  were  refilled  with  heparinized  saline  (100 
U/ml).  Finally,  internal  and  skin  temperatures  were 
measured  with  appropriate  thermistor  probes  (Yellow 
Springs  Instrument,  Yellow  Springs,  OH);  one  was  in¬ 
serted  15  cm  into  the  rectum,  and  the  other  was  attached 
to  the  dorsal  surface  of  the  neck  midway  between  the 
scapulae  and  the  ears.  The  pig  was  then  allowed  to  lie 
quietly  in  the  sling  until  02  consumption  achieved  stable 
values  for  at  least  10  min.  Control  values  were  then 
obtained  in  triplicate  at  10-min  intervals  after  which  the 
pigs  were  assigned  alternately  to  either  an  experimental 
group  (n  =  8)  or  a  control  group  (n  =  8).  The  former 
received  1.0  mg/kg  morphine  sulfate  injected  as  a  bolus 
into  the  pulmonary  artery,  the  latter  an  equivalent  vol¬ 
ume  «2  ml)  of  normal  saline.  The  dose  of  morphine 
sulfate  was  based  on  preliminary  studies  that  showed  a 
threshold  response  at  0.2-0.4  mg/kg  and  a  consistent 
response  to  doses  >1.0  mg/kg.  Experimental  measure¬ 
ments  were  recorded  at  5,  10,  30,  60,  120,  180,  and  240 
min  after  injection. 

During  the  control  period  and  at  each  of  the  aforemen 


tioned  time  points,  02  consumption  and  CCL  production 
(ml  ■  min" 1  •  kg-1,  standard  temperature  and  pressure,  dry) 
were  measured,  and  blood  samples  were  withdrawn  from 
the  aorta.  These  samples  were  immediately  partitioned 
to  chilled  test  tubes  containing  heparin,  EDTA,  or  EDT A 
and  sodium  metabisulfite  and  were  then  placed  in  ice- 
cold  water.  Plasma  was  subsequently  removed,  distrib¬ 
uted  to  individual  tubes,  and  frozen  (— 70°C)  for  later 
analyses. 

Glucose  and  lactate  concentrations  were  determined 
enzymatically  with  a  Cobas  Fera  centrifugal  analyzer 
(Roche  Analytical  Instruments,  Belleville,  NJ)  using 
Beckman  (Brea,  CA)  and  Sigma  (St.  Louis,  MO)  re¬ 
agents,  respectively.  The  same  analyzer  was  used  to 
measure  plasma  sodium  and  potassium  concentrations 
with  ion-selective  electrodes,  and  phosphate  was  meas¬ 
ured  by  the  procedure  of  Crouch  and  Malmstadt  (9).  For 
each  hormone,  all  of  the  samples  from  a  given  pig  were 
measured  within  the  same  assay.  Plasma  epinephrine 
and  norepinephrine  levels  were  determined  by  electro¬ 
chemical  detection  iRinanalvtical  Systems.  West  Lafav- 
ette,  IN)  after  separation  by  high-performance  liquid 
chromatography  (HP  1050;  Hewlett-Packard,  Palo  Alto, 
CA).  The  within-assay  coefficient  of  variability  for  both 
catecholamines  was  \0%,  and  sensitivity  was  20  pg/ml. 
Plasma  adrenocorticotropic  hormone  (ACTH)  and  cor¬ 
tisol  concentrations  were  measured  by  radioimmuno¬ 
assay  with  kits  from  Nichols  Laboratories  (San  Juan 
Capistrano,  CA)  and  Diagnostic  Products  (Los  Angeles. 
CA),  respectively.  The  ACTH  procedure  had  a  10cc 
within-assay  coefficient  of  variability  and  a  sensitivity 
of  11  pg/ml.  The  cortisol  procedure  had  within-assay 
coefficients  of  variability  and  sensitivity  of  3°}  and  0.2 
f:g/ml,  respectively. 

Alterations  in  body  heat  content  during  the  course  of 
the  experimental  period  were  estimated  by  the  following 
equation 

Ah  =  0.78[(0.8)(ATr)  +  <0.2)(ATS)] 

where  Ah  is  the  change  in  body  heat  content  in  calories 
per  kilogram  of  body  weight,  ATr  and  AT,  are  the  changes 
in  rectal  and  skin  temperatures,  respectively,  and  0.78  is 
the  specific  heat  per  kilogram  of  body  weight  for  young 
pigs.  The  latter  value  was  calculated  from  data  on  the 
body  composition  of  young  pigs  (5)  and  from  the  frac¬ 
tional  specific  heat  contributions  of  body  water,  body  fat, 
and  fat-free  dry  mass  (TO).  The  partition  coefficients,  0.8 
and  0.2,  were  chosen  arbitrarily  to  represent  the  relative 
core  and  shell  contributions  to  total  body  heat,  respec¬ 
tively.  The  rate  of  body  heat  storage,  or  loss  (Ah/min). 
was  calculated  for  successive  time  increments  of  the 
experimental  period,  and  changes  in  this  rate  were  used 
to  estimate  alterations  in  heat  loss.  Thus,  since  heat 
production  and  heat  loss  were  equal  during  the  control 
period  (rectal  and  skin  temperature  remained  constant), 
heat  production,  or  loss,  could  be  calculated  by  the  fol¬ 
lowing  equation 

heat  production  (cal/min)  =  K  (CL  consumption) 

where  K  is  the  thermal  equivalent  of  CL  (29)  at  the 
respiratory  exchange  ratio  measured  during  the  control 
period.  During  the  experimental  period  after  niorph.nc 


METABOLIC  EFFECTS  OF  MORPHINE 


R1053 


injection,  the  respiratory  exchange  ratio  increased 
largely,  if  not  entirely,  because  of  hyperventilation.  Ar¬ 
bitrarily,  therefore,  it  was  assumed  that  the  nutrients 
supporting  energy'  metabolism  remained  unchanged  dur¬ 
ing  this  period,  and  the  control  value  for  K  (4.825  on  the 
average)  was  used  to  calculate  heat  production.  Heat  loss 
during  the  experimental  period  was  then  estimated  as 
the  algebraic  sum  of  heat  production  and  heat  loss. 

All  data  were  evaluated  by  the  two-factor  analysis  of 
variance  model,  with  treatment  (mcphine,  control) 
taken  as  a  fixed  effect  and  time  as  a  repeated  measure. 
In  addition,  a  single-factor  analysis  of  variance  model 
was  used  to  examine  time  effects  within  each  of  the  two 
groups,  particularly  in  an  effort  to  detect  subtle  changes 
that  may  have  occurred  in  the  control  animals.  Differ¬ 
ences  were  considered  significant  when  P  <  0.05. 

RESULTS 

Shortly  after  intravenous  injection,  morphine  pro¬ 
duced  an  excitatory  state.  '’ha’-cctcrWed  by  vigorous 
bouts  of  struggling  and  vocalization.  These  symptoms 
persisted  30-60  min  and  gradually  abated  thereafter. 
Individual  animals  exhibited  periods  of  elevated  muscle 
activity  that  coincided  with  periods  of  elevated  metabolic 
activity,  and  morphine-injected  animals,  as  a  group,  ex¬ 
hibited  significant  increases  in  both  0_>  consumption  and 
CO-  production.  At  10  min  into  the  experimental  period, 
for  example,  O  ,  consumption  had  risen  from  8.1  ±  0.92 
to  15.0  ±  1.30  ml -min-1  kg-1,  and  CO>  production  had 
risen  from  6.7  at  0.89  to  15.6  ±  0.91  ml  min"1 -kg"1  (Fig. 
1).  Because  CO.,  production  increased  to  a  slightly  greater 
extent  than  Oj  consumption,  the  respiratory  exchange 
ratio  rose  significantly  during  the  experimental  period, 


from  0.83  ±  0.018  to  a  peak  value  of  0.97  ±  0.025  ml- 
min"1 -kg-1.  Hypermetabolism  was  sustained  for  30-60 
min  after  morphine  injection  but,  subsequently,  both  02 
consumption  and  C02  production  reverted  gradually  to¬ 
ward  control  levels.  At  3-4  h  after  injection,  however, 
slightly  elevated  values  for  both  variables  were  still  being 
recorded.  The  excitatory  state  also  produced  a  significant 
rise  in  plasma  lactate  concentration,  from  1.2  ±  0.28  to 
a  peak  value  of  6.6  ±  0.99  meq/1  at  10  min  into  the 
experimental  period.  Thereafter,  lactate  concentration 
decreased  and  approached  control  levels  2-3  h  after 
morphine  injection.  Only  one  significant  metabolic 
change  was  seen  in  control  pigs  injected  with  normal 
saline,  a  decrease  in  the  respiratory  exchange  ratio  (from 
0.79  ±  0.022  to  0.73  ±  0.014)  over  the  course  of  the 
experimental  period. 

Increases  in  both  skin  and  rectal  temperature  were 
observed  after  morphine  administration  (Fig.  2).  The  rise 
in  skin  t  mperature  was  greater  and  occurred  over  a 
shorter  period  of  time  (from  34.0  ±  0.63  to  38.0  ±  0.53°C 
over  1  h)  than  the  rise  in  rectal  temperature  (from  38.7 
±  0.18  to  40.9  ±  0.30°C  over  2  h).  Subsequent  to  these 
maxima,  decreasing  values  were  recorded  at  both  sites. 
Nevertheless,  hyperthermia  was  clearly  evident  4  h  after 
morphine  injection.  As  would  be  expected,  calculations 
based  on  these  changes  in  temperature  revealed  signifi¬ 
cant  increases  in  body  heat  content.  A  total  of  2.06  ± 
0.230  keal/kg  were  thus  stored  in  body  tissues  over  a  2- 
h  period  after  morphine  injection.  This  heat  load  was 
only  partially  dissipated  over  the  remainder  of  the  ex 
perimental  period.  Heat  balance  calculations,  based  on 
the  caloric  equivalent  of  0_>  consumption  and  changes  in 
body  heat  content  as  a  function  of  time,  showed  that 
morphine-induced  heat  storage  was  caused  by  an  ine- 
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Fie;.  2.  Effects  of  morphine  sulfate  (1  mg/kg)  on  body  thermal  status  of  conscious  pigs  (n  =  8).  A:  skin  temperature 
H.  rectal  temperature.  C:  body  heat  storage.  D:  heat  balance. 


quality  of  body  heat  production  relative  to  body  heat 
loss.  Thus,  as  heat  was  being  stored,  the  rate  of  heat 
production  exceeded  the  rate  of  heat  loss  and  subse¬ 
quently,  as  stored  heat  was  being  dissipated,  the  rate  of 
loss  exceeded  the  rate  of  production.  Control  pigs  showed 
no  significant  changes  in  the  body  temperature  or  ther¬ 
mal  status  over  a  4-h  period  after  normal  saline  injection. 

The  hypermetabolic  response  to  morphine  was  accom¬ 
panied  by  hyperglycemia  and  alterations  in  certain 
plasma  electrolyte  concentrations  (Fig.  3).  Blood  glucose 
concentration  thus  rose  from  a  control  level  of  93  ±  3.0 
mg/dl  to  a  maximum  value  of  159  ±  24.9  mg/dl  over  the 
first  10  min  of  the  experimental  period.  Thereafter,  glu¬ 
cose  concentration  decreased  progressively  and  reached 
control  levels  2-3  h  after  morphine  injection.  A  rapid 
rise  in  plasma  potassium  concentration  (from  4.3  ±  0.13 
to  5.4  ±  0.36  meq/1)  was  also  observed  after  morphine 
injection,  but,  in  this  instance,  the  effect  was  sustained 
for  about  2  h  before  the  values  regressed  toward  control 
levels.  Plasma  phosphate  showed  a  more  gradually  evolv¬ 
ing  increase  in  concentration,  from  a  control  level  of  6.7 
±  0.15  mg/dl  to  a  peak  level  of  8.2  ±  0.29  mg/dl  at  30 
min  after  morphine  injection.  Other  plasma  electrolytes, 
such  as  bicarbonate  and  sodium  (data  not  shown),  were 
not  significantly  affected  by  morphine.  Plasma  glucose 
and  electrolyte  levels  of  control  animals  showed  no  sig¬ 
nificant  changes  as  a  function  of  time  after  normal  saline 
injection. 

Hormonal  responses  to  morphine  injection  fell  into 
two  categories,  those  that  occurred  rapidly  and  those 
that  evolved  slowly  (Fig.  4).  In  the  former  category,  a 
highly  significant  rise  in  plasma  norepinephrine  concen¬ 
tration  (from  203  ±  20.3  to  2,289  ±  490.3  pg/ml)  was 


observed  over  the  first  10  min  of  the  experimental  period, 
and  a  highly  significant  rise  in  plasma  epinephrine  con¬ 
centration  (from  94  ±  24.2  to  633  ±  106.8  pg/ml)  was 
observed  over  the  first  30  min  of  the  experimental  period. 
Plasma  ACTH  concentration,  in  contrast,  increased 
gradually  from  a  control  level  of  51  ±  10.8  to  a  maximum 
of  307  ±  76.7  pg/ml  at  120  min  after  injection.  This 
increase,  as  would  be  anticipated,  led  to  a  delayed  rise  in 
plasma  cortisol  concentration,  from  a  control  level  of  5.6 
±  1.35  /ug/dl  to  a  peak  level  of  18.8  ±  1.31  Mg/dl  at  180 
min  into  the  experimental  period.  No  significant  changes 
in  plasma  hormone  concentrations  were  observed  in  con¬ 
trol  animals. 

DISCUSSION 

The  present  study  shows  that  a  relatively  small  dose 
of  morphine  (1  mg/kg)  produces  an  excitatory  state  in 
immature  pigs,  a  response  accompanied  by  a  near  dou¬ 
bling  of  total  body  energy  metabolism  and  a  rise  in  both 
core  and  shell  temperatures.  The  excitatory  response  is 
consistent  with  the  early  reports  of  Guinard  (15,  18)  and 
Medjakow  (24).  Guinard  (15),  furthermore,  reports  a 
body  temperature  rise  to  4I.3°C  in  one  nig  after  a  2,600- 
mg/kg  injection  of  morphine  chlorhydrate.  The  hyper¬ 
thermic  response  is  also  seen  in  other  species  that  become 
excited  or  manic  after  morphine  administrr'.t:on,  inciud 
ing  horses  (14,  it),  donkeys  (17),  cattle  (12, 14,  16),  goats 
(14),  sheep  (12),  cats  (6,  8,  11,  20,  28),  and,  under  certain 
experimental  circumstances,  guinea  pigs,  rats,  and  mice 
(6,  7,  23).  Rodents,  it  should  be  noted,  may  exhibit  either 
hyper-  or  hypothermia,  depending  on  the  dose  of  mor¬ 
phine  administered  (6,  23). 


METABOLIC  EFFECTS  OF  MORPHINE 


R1055 


Minutes  Minuses 

fig.  3.  Effects  of  morphine  sulfate  (1  mg/kgj  on  plasma  glucose  and  electrolyte  levels  of  conscious  pigs  (n  =  8).  A: 
plasma  glucose.  H:  plasma  bicarbonate.  C:  plasma  potassium.  D:  plasma  phosphate. 


Mtru’es  Minutes 

fig.  4.  FT;',  t.  of  morphine  sulute  (L  mg/kg)  on  plasma  hormone  levels  of  conscious  pigs  (n  =  8).  A:  plasma 
ACTH.  B:  plasma  epinephrine.  C:  plasma  cortisol.  D:  plasma  norepinephrine. 

The  effects  of  .14urphi;ie  on  the  total  body  energy  after  injection  of  a  relatively  high  dose  of  morphine  (~50 
metabolism  are  rarely  investigated  in  animals  that  are  mg/kg).  Their  results  are  at  least  qualitatively  consistent 
excited  by  morphine.  In  fact,  we  are  aware  of  only  two  with  data  recorded  here,  including  our  observation  of  a 
reports.  In  one,  Boeck  and  Bauer  (4)  report  an  average  rise  in  the  respiratory  exchange  ratio.  The  second  report, 
13%  increase  in  02  consumption  and  a  42%  increase  in  by  Thornhill  and  Saunders  (30),  is  a  bit  perplexing.  In  a 
CO,  production  of  one  cat,  measured  over  a  6-h  period  study  of  morphine-induced  hyperthermia  in  conscious 
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rats,  they  report  a  decrease  in  Cfi  consumption  concom¬ 
itant  with  increases  in  both  rectal  and  skin  (tail)  tem¬ 
peratures,  a  seemingly  incompatible  set  of  results. 
Thornhill  and  Saunders  (30)  do  not  explain  how  both 
core  and  shell  temperature  can  rise  while  heat  produc¬ 
tion,  as  reflected  by  02  consumption,  is  decreasing. 

Results  of  the  present  study  seem  to  indicate  that  an 
imbalance  between  the  rate  of  heat  production  and  the 
rate  of  heat  loss  is  largely  responsible  for  the  morphine- 
induced  hyperthermia  observed  in  pigs.  Thus,  during  the 
first  hour  after  morphine  injection,  heat  production,  as 
calculated  from  02  consumption,  exceeded  heat  loss,  as 
calculated  from  differences  between  heat  production  and 
heat  storage.  It  should  be  emphasized  that  these  calcu¬ 
lated  values  for  body  thermal  status  are  only  estimates 
and  are  based  on  assumptions  that  may  or  may  not  be 
totally  valid.  The  caloric  equivalent  of  02  consumption, 
for  example,  is  assumed  to  remain  constant  after  mor¬ 
phine  injection.  The  selected  value,  4.825  kcal/1  of  02 
consumed  (12),  is  based  on  a  steady-state  respiratory 
exchange  ratio  measured  before  morphine  injection. 
After  morphine  injection,  our  data  show  a  rise  in  this 
ratio  from  0.83  to  0.97,  suggesting  a  shift  toward  carbo¬ 
hydrate  metabolism.  If  this  does  indeed  occur,  the  caloric 
equivalent  would  increase  by  4%  to  5.022  kcal/1  02  con¬ 
sumed.  However,  after  morphine  injection  the  pigs  were 
no  longer  in  a  steady  state,  hence  the  altered  respiratory 
exchange  ratio  could  reflect  changes  in  acid-base  status 
or  ventilatory  function.  In  any  event,  a  4%  increase  in 
the  caloric  equivalent  or  a  3%  decrease  if  only  fat  were 
being  oxidized  (29)  would  have  little  effect  on  our  cal¬ 
culated  values  for  heat  production. 

The  calculated  changes  in  body  heat  content  presented 
here  are  also  based  on  assumptions  that  may  not  be 
totally  valid.  In  calculating  these  changes,  we  used  con¬ 
ventional  partitioning  coefficients  to  reflect  the  contri¬ 
butions  of  core  (0.8)  and  shell  (0.2)  temperatures  to  body 
heat  content.  These  coefficients  are  arbitrary  estimates 
that  are  assumed  to  be  applicable  to  humans  under 
steady-state  conditions  (10);  they  may  or  may  not  be 
applicable  to  pigs.  Calculated  changes  in  body  heat  con¬ 
tent  could  be  altered  if  the  relative  magnitude  of  these 
coefficients  were  to  change  significantly  during  the 
course  of  an  experiment.  Unfortunately,  no  methods  are 
presently  available  for  measuring  their  true  values,  at 
least  insofar  as  we  can  determine.  Skin  temperatures 
used  in  this  study  are  taken  from  one  site,  the  back  of 
the  neck,  and  are  assumed  to  reflect  the  average  skin 
temperature  of  the  entire  body.  Actual  measurement  of 
average  skin  temperature  is  technically  difficult  in  con¬ 
scious  pigs,  particularly  when  they  are  agitated.  In  sep¬ 
arate  experiments  with  quietly  resting  pigs  (unpublished 
observations),  we  find  that  most  body  sites  have  values 
that  are  within  1°C  of  the  value  measured  on  the  dorsal 
surface  of  the  neck;  the  feet  are  a  major  exception  and 
may  have  temperatures  several  degrees  below  neck  val¬ 
ues.  Minor  variations  in  the  absolute  values  for  average 
skin  temperature  have  little  tffcU  on  calculated  increases 
or  decreases  in  body  heat  content,  provided  the  changes 
in  skin  temperature  were  of  similar  magnitude  over  the 
body  surface  as  a  whole.  Dissimilar  changes  could  intro¬ 
duce  significant  errors  in  the  calculations.  Despite  these 


potential  sources  of  error,  alteration0  in  the  calculated 
variables  contributing  to  body  thermal  status  would  seem 
to  be  reasonably  consistent  with  alterations  in  the  vari¬ 
ables  that  are  actually  measured.  Accordingly,  as  core 
and  skin  temperatures  rise  after  morphine  injection,  heat 
production  increases  at  a  faster  rate  than  heat  loss,  a 
disparity  that  leads  to  a  rise  in  body  heat  content.  Sim¬ 
ilarly,  as  core  temperature  falls  during  the  later  stages  of 
the  experimental  period,  heat  loss  exceeds  heat  produc¬ 
tion,  and  body  heat  content  decreases. 

Some  investigators  have  suggested  that  hyperthermic 
responses  to  morphine  are  attributable  to  a  rise  ir,  the 
thermoregulatory  set  point  (7),  and  our  data  do  not 
unequivocally  rule  out  this  possibility.  Morphine  may 
have  had  a  dual  effect;  it  could  raise  the  set  point  and 
elicit  sufficient  excitation  and  motor  activity  to  produce 
the  added  heat  needed  to  attain  the  newly  regulated 
temperature.  Under  non-steady-state  conditions,  as  in 
this  study,  true  changes  in  set  point  are  difficult,  if  not 
impossible,  to  verify.  The  near  equality  of  heat  produc¬ 
tion  and  heat  loss  at  2-3  h  after  morphine  injection 
would  be  consistent  with  such  a  change.  However,  the 
imbalance  between  heat  production  and  loss  during  the 
first  hour  after  injection  would  seem  to  favor  a  simpler 
explanation,  namely  that  the  hypermetabolic  effect  of 
morphine,  at  least  in  pigs,  is  analogous  to  that  seen 
during  exercise.  It  is  now  well  established  that  swine  do 
not  sweat,  have  a  limited  capacity  to  increase  heat  loss 
by  panting,  and  readily  become  hyperthermic  when  ex¬ 
ercised  or  exposed  to  hot  environments  (21,  26).  During 
exercise,  therefore,  hyperthermia  is  not  attributable  to  a 
change  in  thermoregulatory  set  point  but  rather  to  an 
inability  to  raise  heat  loss  to  a  level  commensurate  with 
heat  production.  It  seems  likely,  at  least  to  us,  that  a 
similar  imbalance  is  largely  responsible  for  the  mor¬ 
phine-induced  hyperthermia  observed  in  the  present 
study. 

Other  data  recorded  here  seem  to  support  our  opinion 
that  muscle  activity  is  the  primary  mechanism  underly¬ 
ing  ine  morphine-induced  hyperthermia  observed  in 
swine.  Plasma  lactic  acid  levels,  for  example,  rise  in 
parallel  with  the  rise  in  02  consumption  as  they  com¬ 
monly  do  during  heavy  exercise  (1).  The  hyperkalemia 
observed  here  after  morphine  injection  is  comparable  to 
that  seen  during  exercise  in  humans;  loss  of  muscle 
potassium  is  the  responsible  mechanism  (22).  Finally, 
the  rise  in  plasma  phosphate  concentrations  after  mor¬ 
phine  administration  suggests  a  breakdown  of  high-en¬ 
ergy  phosphates,  presumably  phosphocreatine.  a  break¬ 
down  that  is  also  seen  during  muscle  activity  (1). 

Studies  in  other  species,  principally  in  rats  and  cats, 
have  produced  conflicting  opinions  regarding  the  cause 
of  morphine-induced  hyperthermia.  Some  workers  at¬ 
tribute  the  response  to  muscle  activity  (4,  23,  28). 
whereas  others  (31)  state  that  morphine-induced  hyper¬ 
thermia  can  occur  in  the  absence  of  muscle  activity. 
Indeed,  other  factors  could  have  contributed  to  the  in¬ 
creases  in  02  consumption,  core  and  shell  temperatures, 
and  body  heat  content  recorded  here.  As  indicated  above, 
a  relative  attenuation  of  heat  loss  would  be  expected  to 
lead  to  a  rise  in  core  temperature,  a  rise  that  could 
contribute  to  the  increase  in  0_>  consumption  by  means 
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of  the  van’t  Hoff- Arrhenius  effect;  however,  calculation 
of  temperature  coefficient  values  over  th*3  course  of  the 
entire  experimental  period  (data  not  shown)  indicate 
that  van’t  Hoff-Arrhenius  effects  could  only  have  a  major 
impact  on  body  energy  metabolism  during  the  later  stages 
of  recovery.  In  addition,  the  increased  circulating  cate¬ 
cholamine  levels  could  produce  a  hypermetabolic  state 
either  directly  by  their  actions  of  cellular  energy  metab¬ 
olism  (19)  or  indirectly  by  inducing  excitation  and  muscle 
activity.  Furthermore,  a  morphine-induced  increase  in 
circulating  catecholamine  levels,  particularly  epineph- 
ilnc,  is  probably  responsible  for  the  hyperglycemia  re¬ 
corded  here  as  well  as  elsewhere  (3,  28).  Such  hypergly¬ 
cemia  would  support  an  elevated  energy  turnover  in 
active  skeletal  muscles  (1).  Activation  of  the  pituitary 
adrenal  axis,  seen  here  and  in  some  other  studies  (25), 
could  provide  additional  support  by  enhancing  gluconeo- 
genesis. 

In  summary,  our  data  suggest  that  the  hypermetabolic 
effect  of  morphine  in  pigs  is  largely  due  to  increases  in 
muscle  activity  and  that  the  hyperthermic  effect  is  at¬ 
tributable  to  an  inability  to  increase  heat  loss  to  levels 
commensurate  with  the  increase  in  heat  production. 
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